This study investigated the microstructures of pearlite and martensite transformed from ultrafine-grained austenite in 0.45C steel and Vadded 0.45C steel. The mean prior austenite grain sizes were refined to be 4.5 µm in the 0.45C specimen and 2.4 µm in the V-added 0.45C specimen through cyclic heat treatment of austenitizing and water quenching, i.e., repetition of martensite § austenite transformations. The austenite with various grain sizes was either air-cooled or water-quenched to cause pearlitic or martensitic transformation, respectively. The fragmented lamellar structure and isolated cementite particles having particulate morphology were observed in the pearlite transformed from the ultrafine-grained austenite. Results indicated that the ferrite and cementite formed during eutectoid transformation from the ultrafine-grained austenite were not necessary to grow cooperatively maintaining lamellar shape. The packet size in lath martensite was refined significantly accompanied by decreasing of the austenite grain size, since several different variants of martensite were formed from different segments of austenite grain boundaries even when the austenite grain size was fine. In contrast, the block size did not depend on the austenite grain size.
Introduction
Pearlite and lath martensite are practically important transformation products in steels. The pearlite is formed by diffusional eutectoid transformation in carbon steels. The pearlite usually has the lamellar morphology where thin plates of ferrite and cementite align alternatively, which is formed by cooperative growth of ferrite and cementite phases during eutectoid transformation. The lath martensite formed by displacive (diffusionless) transformation appears in low and medium carbon steels. The microstructure of lath martensite consists of several structural units with different scales, i.e., lath, block, packet and prior austenite grain. 1, 2) The lath is a single crystal of martensite with thickness of approximately 0.2 µm. The block contains many laths having nearly the identical orientation (or variant). The packet consists of several blocks with almost the same habit plane of austenite. Usually several packets appear in a prior austenite grain.
It is well known that parent austenite grain size affects phase transformation behaviors significantly. In particular, several groups reported that phase transformations from ultrafine-grained austenite with grain size smaller than 1 µm exhibit different manners compared with those from conventionally coarse-grained austenite. 37) Tadaki et al. 3, 4) studied the martensitic transformation behavior from powder particles of austenite having nanometer-sizes in FeNi alloys. Their results indicated that the martensitic transformation start temperature (Ms) of the nano powder particles of austenite was much lower than that in the bulky specimen with coarse-grained austenite. The high thermal stability of bulky polycrystalline austenite with ultrafine grains against martensitic transformation was also confirmed in an FeNi alloy 5) and an austenitic stainless steel. 6) In addition, it was reported that the crystallographic features, such as variant selection rule and orientation relationship, of martensite transformed from ultrafine-grained austenite were different from those transformed from coarse-grained austenite.
68)
The studies about the phase transformation behaviors from ultrafine-grained austenite mentioned above have been concerned with plate-type martensite in high-alloy austenitic steels or martensite in stainless steels whose transformation temperatures are below room temperature. So far, on the other hand, the transformation behaviors to pearlite and lath martensite from ultrafine-grained austenite at relatively high temperature in, for example, conventional carbon steels have been rarely studied. The present study investigates the microstructures of pearlite and martensite transformed from ultrafine-grained polycrystalline austenite.
Experimental Procedure
The materials used in the present study are two kinds of medium carbon steels: a 0.45C steel and a V-added 0.45C steel where 0.3 mass% vanadium was added to inhibit grain growth of austenite through pinning by vanadium carbides. The detailed chemical compositions of the steels are shown in Table 1 . The steels were austenitized at 1373 K for 1.8 ks in vacuum, followed by water quenching. The austenitized specimens were used as starting materials. The austenite grain sizes of the specimens were reduced through repetition of martensite § austenite transformations proposed by Grange, 9, 10) i.e., cyclic heat treatment of austenitizing at 1073 K for 60 s in a salt bath and water quenching. In the last cycle of the heat treatment, the specimens were cooled in air Table 1 Chemical compositions of the steels investigated. 
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to obtain ferrite-pearlite structures or water quenched to obtain lath martensite structures. For microstructural observations, the specimens were polished mechanically and electrolytically in a solution of 5% HClO 4 + 95% CH 3 COOH. The mean prior austenite grain sizes were measured by line interception method using the optical microscopy images where the prior austenite grain boundaries in lath martensite were revealed by etching using a saturated picric acid solution. The microstructure of pearlite was observed by scanning electron microscopy (SEM, using FEI XL30S-FEG) after etching in a 5% nital. The microstructure of lath martensite was crystallographically characterized by electron backscatter diffraction (EBSD) analyzer in the SEM operated at 15 kV. The EBSD measurement and analysis were performed with the TSL OIM Data Collection program and the TSL OIM Analysis program. Figure 1 shows optical microscopy images of (a)(c) the 0.45C specimens and (d)(f ) the V-added 0.45C specimens after the cyclic heat treatment. The microstructures of the specimens are fully martensite, but we can clearly observe the prior austenite grain boundaries in Fig. 1 by suitable etching. The prior austenite grains were significantly refined through the cyclic heat treatment. The martensite structure usually involves a high density of lattice defects, such as high angle boundaries (packet boundaries and block boundaries) and dislocations. These lattice defects acted as nucleation sites for the reverse transformation to austenite, resulting in the grain refinement of austenite through the cyclic heat treatment. This indicates that refinement of austenite grain by nucleation of many austenite nuclei and coarsening of austenite grain through grain growth after completion of reverse transformation become comparable after reaching a certain critical prior austenite grain size. The minimum mean prior austenite grain size in the V-added 0.45C specimen obtained through the cyclic heat treatment was d £ = 2.4 µm after 3 cycles, much smaller than that in the 0.45C specimen (d £ = 4.5 µm after 2 cycles). This is because vanadium carbides significantly suppressed the grain growth of austenite during the heat treatment. hand, the lamellar structures of pearlites tend to be fragmented and several cementite particles having particulate morphology are isolated (indicated by dotted circles) when the austenite grain sizes were refined to be d £ = 4.5 µm (0.45C specimen (Fig. 3(b) ) and d £ = 2.4 µm (V-added 0.45C specimen (Fig. 3(d) ). In addition, the measured volume fractions of pearlite transformed from the ultrafinegrained austenite are 0.51 (0.45C specimen (Fig. 3(b) ) and 0.21 (V-added 0.45C specimen (Fig. 3(d) ), which are smaller than the value of 0.58 expected from the FeC binary equilibrium phase diagram. This might be due to the fact that some cementite particles are observed on the ferrite/ ferrite grain boundaries as indicated by arrows in Figs. 3(b) and 3(d). Previous studies 1113) have also observed the fragmented pearlite microstructures transformed from ultrafine-grained austenite. Furuhara et al. 12) proposed that the formation of the fragmented pearlite in a V-added eutectoid steel was due to the coarse undissolved carbides in austenite. The heat treatment of the present study was heated up rapidly from martensite to austenite and water-quenched from austenite to martensite, without any tempering treatments. Accordingly, the amount of the undissolved carbides in the austenite state of the present 0.45C specimen must be few or almost zero. Although the austenite of the V-added 0.45C specimen contains vanadium carbides, the carbides are expected to be very fine. Because the fragmented pearlites are observed in both 0.45C specimen (Fig. 3(b) ) and V-added 0.45C specimen ( Fig. 3(d) ) having fine austenite grains, it can be said that the ultrafine-grained austenite structure itself causes the fragmented pearlite structures observed in Figs. 3(b) and 3(d). In general, pearlite exhibits lamellar structure of ferrite and cementite to reduce the diffusion distance of iron and carbon atoms during eutectoid transformation. When the austenite grains are ultrafine, the distance between neighboring pearlite colonies nucleated on the austenite grain boundaries is very short. It should be also noted that high density of austenite grain boundaries in the ultrafine-grained microstructures act as fast paths for diffusion. Under such a situation, the diffusion field of carbon around the pearlite colonies might be overlapped and become rather uniform. As a result, ferrite and cementite are not necessary to grow cooperatively keeping lamellar morphologies. This is one of the possible reasons for the formation of the fragmented pearlite structures from the ultrafine-grained austenite. (Fig. 4(a) ), d packet = 23 µm and d block = 0.6 µm in the Vadded 0.45C specimen (Fig. 4(c) (Fig. 4(b) ), d packet = 2.0 µm and d block = 0.4 µm in the Vadded 0.45C specimen (Fig. 4(d) ), respectively. As the austenite grain size decreases, the packet size decreases significantly but the block size decreases slightly. Additionally, the blocks transformed from the ultrafine-grained austenite tend to exhibit rather equiaxed morphology compared with those transformed from the coarse-grained austenite. Takaki et al. 6) reported that the ultrafine-grained austenite with grain sizes smaller than 10 µm transformed to single variant martensite or single packet (variants of martensite with the identical habit plane) in an austenitic stainless steel. As shown in the EBSD orientation maps of Figs. 4(b) and 4(d) , however, the ultrafine-grained austenite with grain sizes of d £ = 4.5 µm in the 0.45C specimen and d £ = 2.8 µm in the V-added 0.45C specimen still transformed to lath martensites consisting of several martensite variants, i.e., several packets and blocks inside the prior austenite grains.
Results and Discussion
Morito et al. 14) studied the variant selection during isothermal martensitic transformation in an FeNiMn alloy. According to their results, martensite variants having habit planes parallel to the austenite grain boundaries are preferentially formed at the austenite grain boundaries. It has been also reported that the martensite variants inside an identical packet have almost the identical habit plane close to the parallel plane in Kurdjumov-Sachs orientation relationship. 15, 16) We therefore can obtain the orientation of habit plane by drawing {110} pole figure of the observed martensite variants. The traces of habit planes of the martensite variants near prior austenite grain boundaries determined through the pole figure analysis are also indicated in Fig. 4 . We have found that several martensite variants formed near austenite grain boundaries have habit planes nearly parallel to the austenite grain boundaries even when the austenite grain sizes were decreased to d £ = 4.5 µm (0.45C specimen) and d £ = 2.8 µm (V-added 0.45C specimen) as shown in Figs. 4(b) and 4(d) . It can be said, therefore, that several different martensite variants are formed nearby austenite grain boundaries at the early stage of martensitic transformation due to the strong variant selection rule, even when the austenite grain size is ultrafine, which leads to the refinement of packets with decreasing austenite grain sizes. 
Summary
This paper studied the microstructures of pearlite and lath martensite transformed from ultrafine-grained austenite in medium carbon steels. Unique microstructural features were found in the specimens having ultrafine-grained austenite. The major results obtained are summarized as follows:
(1) By the repetition of martensite § austenite transformations, the mean prior austenite grain sizes decreased from d £ = 109 µm to d £ = 4.5 µm in the 0.45C steel, and from d £ = 80 µm to d £ = 2.4 µm in the V-added 0.45C steel. The minimum mean prior austenite grain size of the V-added 0.45C specimen was smaller than that of the 0.45C specimen because vanadium carbides suppressed the grain growth of austenite. (2) With decreasing austenite grain size, the pearlite lamellar structure tended to be fragmented and some cementite particles with particulate morphologies were isolatedly formed. When the austenite grains are ultrafine, ferrite and cementite formed during eutectoid transformation are not necessary to grow cooperatively keeping lamellar morphologies, because the diffusion field of carbon in front of pearlite colonies nucleated on grain boundaries in the ultrafine-grained austenite structures is expected to be overlapped and become uniform. (3) The packets in lath martensite were greatly refined with decreasing austenite grain size. In contrast, the block size did not depend so much on the austenite grain size. Several packets were formed inside one prior austenite grain even when the austenite grain size was ultrafine. This was because several different martensite variants were nucleated near austenite grain boundaries maintaining a strong variant selection rule.
